Introduction
Gyeongju, the capital of the ancient Silla Kingdom (57 BC ∼ 935 AD), is considered the most important historic city in Korea and contains remarkable artifacts of Korean Buddhist art. Gyeongju is located in a relatively higher earthquake prone region nearby the Yangsan fault line and has historical records of frequent seismic damage. In particular, the region's valuable architectural heritages are exposed to seismic danger. A seismic risk assessment is therefore required to prevent damage to the area's architectural heritages.
It has been well documented that local site effects may substantially affect amplification of ground motion with the dominant site period range, because earthquake motions at the bedrock can be drastically modified in amplitude, frequency content, and duration during the propagation of seismic waves within soil (Aki, 1993; Kim et al., 2002; Pitilakis, 2004; Sun et al., 2005; Chavez-Garcia, 2007) . In the Korean seismic design code (MOCT, 1997) , local site effects are considered according to a site classification system and corresponding site coefficients, which are similar to the 1994 and 1997 NEHRP Provisions (BSSC, 1994 (BSSC, , 1997 , despite substantial differences in local geological conditions. Kim and Yoon (2005) and Lee et al. (2012) showed significant deviations in response spectra between soil response analyses and code-defined values.
Rock-outcrop motions defined in the Korean seismic design code correspond to seismic hazard maps developed for various return periods based on historical earthquake events based on the relation of ground motions to earthquake intensities. Because most of the historical events were not experienced at rock outcrops but rather at the ground surface of the soil sites and the effects of site amplification were already included in the historical earthquake intensities, the rock-outcrop motion in the hazard map is potentially overestimated. In order to assess the extent of potential overestimation in the hazard map, it is essential to evaluate the range of site amplification at various historical sites using a ground response analysis and interpret the spatial geotechnical information, such as depth to bedrock, site period, and amplification characteristics, using a geographic information system (GIS).
In this study, site response analyses were performed at historical sites in Gyeongju to assess seismic risk. Thirty historical sites of cultural heritages were selected considering importance and geographical distributions, and the representative shear wave velocity (Vs) profiles were determined by surface wave tests. One-dimensional site response analyses were carried out at each historical site and the amplification characteristics, site period, and response spectrum of the site were determined. Amplification coefficients and the corresponding response spectra were compared with the coded values and the importance of a site-specific analysis for risk assessments was demonstrated. Sixty pre-existing soil datasets were gathered in the central area around a 7 km by 7 km area encompassing Gyeongju and ground response analyses were additionally performed. Necessary information for seismic risk assessment such as bedrock depth, site period, peak ground acceleration, and site amplification coefficients was spatially interpreted for the scenario earthquakes and the potential overestimation of rock-outcrop motion in a hazard map based on historical records was assessed. Seismic microzonation becomes particular valuable in the case of assessing the seismic vulnerability of historical monuments and cultural heritages due to the case-dependent nature of their seismic performance.
Selection of test sites around Gyeongju historic areas
Among the many cultural heritages in Gyeongju, cultural heritage sites with historical earthquake records and other national architectural treasure sites were selected for site investigation and ground response analysis. The UNESCO World Heritage sites selected for this study include "Seokguram Grotto and Bulguksa Temple", "Gyeongju Historic Areas", and "Yangdong Village".
The Gyeongju Historic Areas host outstanding examples of Korean Buddhist art including sculptures, reliefs, pagodas, and the remains of temples and palaces from the period of the seventh to the tenth centuries, marking the culmination of this form of artistic expression. There are five major belts that make up the Gyeongju Historic Areas: the Mount Namsan Belt, the Wolseong Belt, the Tumuli Park Belt, the Hwangnyongsa Belt, and the Fortress Belt, as shown in Fig. 1 .
The historical data of earthquakes in the Gyeongju area are tabulated in Table 1 (NRICH, 2009 ). Notably, the cultural heritage sites that experienced damage to structures due to earthquake events include the "three storied stone pagoda at Bulguksa Temple (Site No. 2-2)," "Hwangnyongsa Temple site (Site No. 6-1)," and "Mangdeoksa Temple site (Sites No. 7-1 and 7-2)". Note that mountains and rock outcrops have relatively lower possibilities of local site amplification and seismic hazards. Therefore, cultural properties in mountain areas were excluded from this study. In this study, rock outcrops were considered as the reference point for the survey. Four trig points of Mount Namsan (South Mountain), three trig points of the western area, and two trig points of the north-eastern area were used. Thirty cultural heritage sites in Gyeongju were selected for the in situ tests, as listed in Table 2 . In order to evaluate the GIS based seismic risk for the Gyeongju historic areas, a zone of 7 km by 7 km (Fig. 1) , which includes the historic area and the current downtown area, was selected. Various pre-existing site investigation results in this zone were used as shown in the corresponding map of Fig. 7d (Kim et al., 2002; Sun et al., 2005) . Sixty site characterization data, including the results of boring, standard penetration test, seismic tests, and laboratory tests were collected for this study. Figure 1 shows the location of Gyeongju historical areas and some representative cultural heritage sites.
Site characterization using in situ seismic tests
A harmonic wavelet analysis of wave (HWAW) test, a kind of seismic surface wave test, was performed around the thirty cultural heritage sites in order to measure the Vs profile of the site. In the "Cheomseongdae observatory (Site No. 1-1)", boring and downhole tests were executed to check the reliability of the HWAW method.
The HWAW test is a non-intrusive test that uses surface waves. It is based on the harmonic wavelet transform, which can be used to evaluate dispersive phases and group velocities of surface waves. Park and Kim (2001) proposed a step by step procedure of the HWAW method. After source generation with sledge hammer, the harmonic wavelet transform decomposes, the signals obtained at receivers 1 and 2 into frequency components in the time domain. This transform determines the energy and phase time-frequency maps, which describe the instantaneous energy and phase of the frequency components with time. The group and phase delays of each frequency component are determined from the instantaneous energy and phase information. The group delay refers to time corresponding to the maximum energy and the phase delay is the time corresponding to a certain fixed phase around the maximum energy time. If the distance between receiver 1 and receiver 2 is known, then the group velocity and the phase velocity at each frequency can be obtained. The HWAW method uses the signal portion of the maximum local signal/noise ratio to evaluate the phase velocity. This can minimize the effects of noise. For the site characterization, the HWAW method generally uses a short receiver spacing setup. The source-receiver spacing (D) is ∼ 6-12 m and the receiver spacing (R) is ∼ 1-3 m. Because the HWAW method uses a short receiver spacing setup, it can minimize the possibility of error due to lateral non-homogeneity and can be used to determine a more detailed local soil profile as compared to the conventional SASW method (Park and Kim, 2001 ).
Twenty-eight HWAW tests, fourteen SASW tests, a boring investigation, and a downhole test were conducted in thirty cultural heritage sites of Gyeongju. Figure 2 shows the thirty Vs profiles based on the in situ seismic tests. The site conditions can be characterized into six categories according to the mean shear wave velocity of the upper 30 m (Vs30), as suggested in the Korean seismic design code. Most of the ground in Gyeongju was found to be S C (very stiff soil of soft rock; 360< Vs 30 ≤ 760), and others as S B (rock; 760< Vs 30 ≤ 1500) or S D (stiff soil; 180< Vs 30 ≤ 360).
Local site effects

Design rock-outcrop motion
Even though an earthquake resistant design code for the cultural heritage sites has not yet been proposed in Korea, considering the importance of a ripple effect on the collapse of the architectural heritage sites, the design rockoutcropping acceleration is considered for special structures and/or seismic class I structures at a collapse level earthquake in this study. The design rock-outcropping accelerations at Gyeongju were 0.20 g for the special structures (2400 yr return period) and 0.14 g for seismic class I structures (1000 yr return period) at a collapse level earthquake based on the Korean seismic hazard map.
Dynamic soil properties and input ground motions
Since ground motion is significantly affected by local site effects, the compositions of the entire soil strata, determined by individual boring and seismic investigations, were separately utilized in the analyses. For the site-specific ground response analyses, thirty sets of in situ test results around cultural heritages and the sixty sets of pre-existing data were used. The sixty pre-existing datasets were composed of fortyfour boring investigations, four crosshole tests, twelve downhole tests, and twenty-six SASW tests.
Input soil properties, such as Vs profile, mass density, and modulus reduction and damping curves, were determined for each layer. The bedrock locations where Vs were higher than 760 m s −1 were determined from seismic tests. As shown by the pre-existing site investigation results for Gyeongju, most soil layers were alluvial soils classified as either sand or gravel, such as GP, GM, SP, SW, and SM, in the unified soil classification system (Kim et al., 2002) . The normalized shear moduli (G/G max ) and damping ratios (D) with shear strain for the alluvial and weathered residual soils were determined by resonant column tests with reconstituted specimens considering in situ conditions. Figure 3 shows the representative normalized shear modulus reduction and damping curves of each alluvial and weathered residual soil for the ground response analysis. In the case of gravel and weathered rock, the corresponding G/G max and damping curves in the literature were used (Schnabel et al., 1972; Seed et al., 1986) .
One artificial synthetic earthquake, three strong motion recordings and one weak motion recording were used as input ground motions. The input rock-outcropping accelerations were modified to the levels of collapse level earthquakes. Among the input motions, three strong motion recordings, El Centro, Hachinohe, and Ofunato earthquake motions, which were recorded in strong seismic regions, were included due to the lack of strong motion records of earthquakes in Korea. To reflect the characteristics of regional seismicity, an earthquake acceleration waveform recorded in Gyeongju was also applied to derive site response data.
One-dimensional site response analysis
Site response analyses of Gyeongju were performed by using a one-dimensional equivalent linear scheme of the SHAKE program (Schnabel et al., 1972) . This equivalent linear analysis provides relatively reliable results when the strain level caused by an earthquake is lower than one percent, which is a typical range in moderate seismic zones such as Gyeongju (Kim et al., 2002) . Through the equivalent linear analysis, more precise natural period value and amplification characteristics considering nonlinearity of soil deposits could be obtained at each site. Figure 4 summarizes heritage information, in situ test results, and site-specific ground response analysis results for the "Cheomseongdae observatory (Site No. 1-1)". Cheomseongdae, an astronomical observatory, was estimated to have been built in the period of Queen Seondeok (∼ AD 632-647) in the Silla Era. It is highly valued as the oldest astronomical observatory in Asia. The representative shear wave velocity, the mean value of downhole and HWAW test results, was used for the site response analysis of the Cheomseongdae ground.
In the case of Cheomseongdae, the peak ground accelerations were 0.370 g for the earthquake level of a 2400 yr return period and 0.259 g for the earthquake level of a 1000 yr return period. Depending on the local site effects, a maximum of 1.85 times site amplification is expected. Notably, the deep alluvial layers, which are common in the Gyeongju area, show high potential for amplification. The site periods of the Cheomseongdae ground are ∼ 0.21-0.23 s.
The cultural heritage information, in situ test results, and site-specific analysis results for thirty heritage sites are summarized in the same manner as in Fig. 4 . The site information, the Vs30, peak ground accelerations, site coefficient, and site periods were determined at thirty heritage sites, and are tabulated in Table 3 . Site amplification coefficients are listed in the last column of Table 1 .
Considering the maximum acceleration amplification between rock-outcrop motion and free surface motion for the thirty cultural heritage sites, the "three storied stone pagoda in Namsan-ri (Site No. 7-3)", the "Cheomseongdae observatory (Site No. 1-1)", and the "flagpole support of in Mangdeoksa Temple site (Site No. 7-2)" were expected to have more than 1.5 times site amplification. On the contrary, "Gwangajeong (Site No. 8-1)" and "Hyangdan (Site No. 8-2)" in Yangdong Village, the "five storied stone pagoda in Nawon-ri (Site No. 10-1), Wolseong", the "standing stone Buddhist triad in Bae-dong (Site No. 3-2)", and the "stone pagoda of Bunhwangsa Temple (Site No. 6-2)" had relatively low site amplification. The site amplification coefficient, which is the ratio of peak ground surface acceleration to peak bedrock acceleration, ranges between 1.03 and 1.92. The mean value of the site amplification coefficient is 1.46 for the earthquake level of a 2400 yr return period and 1.53 for the earthquake level of a 1000 yr return period. Therefore, the current hazard map for the Gyeongju area has potential for site amplification of 1.5 times on average. It is necessary to reflect the potential amplification in the seismic hazard map in the future.
Korean seismic design code and site-specific ground response analysis
As the depth of bedrock in Korea is generally shallow, the natural site period of Korea is distributed in the short-period range of 0.1 to 0.5 s. Since site effects are directly dependent on the local site effects, the use of site coefficients derived from earthquake records for quakes that occurred in different site conditions may lead to inaccurate estimation of the earthquake ground motion.
As aforementioned, the current seismic design code of Korea uses the site classification system and corresponding site coefficients given in the 1994 and 1997 NEHRP Provisions, despite the substantial differences in local geological conditions. Bedrocks are mostly located at shallower depth of less than 30 m in Korea. Vs30 can be affected by the stiffness of bedrock and may be overestimated if the bedrock depth is shallower than 30 m. Figure 5 shows the evaluated response spectra with a 5 % damping ratio with response spectra of the Korean seismic design code for 22 S C sites of Gyeongju. In most cases, there are differences in the amplification coefficient and period range between the results of the site-specific response analysis and the current design code. The response Site amplification coefficients were calculated for the thirty cultural heritage sites and the sixty sites of pre-existing data. Short-period site amplification coefficients (Fa) and long-period site amplification coefficients (Fv) were calculated using the ratio of response spectra (RRS) for the soil surface to the corresponding rock outcrop in a period range of 0.1 to 0.5 s and 0.4 to 2.0 s, respectively (Kim and Yoon, 2005) . Figure 6 shows the site amplification coefficients and corresponding site classification for the earthquake level of a 1000 yr return period. Fa and Fv obtained from site response analyses considering geologic conditions differ significantly from the current Korean seismic design code. The Fa values were larger than those of the current Korean seismic design code, whereas the Fv values were smaller than those of the code in most cases. The evaluated and coded coefficients show extremely opposing values. The distribution of coded Fv values is similar to that of the evaluated Fa values, and the distribution of coded Fa values is similar to that of the evaluated Fv values. These results also show the necessity of a site-specific response analysis.
GIS based seismic microzonation
The seismic geotechnical information determined by a site response analysis was interpreted using a GIS tool. In order to assess the seismic vulnerability, the spatial data were collected to synthetically assess the earthquake hazard in Gyeongju historic areas. GIS based microzonation for seismic risk is becoming more common and more essential (Cid et al., 2001; Kim et al., 2002; Sun et al., 2005; Tyagunov et al., 2006; Glatron and Beck, 2008; Salamon et al., 2010) . Seismic microzonation, which is a city scale hazards distribution mapping based on a geotechnical information system, made a reliable estimation of spatial geotechnical data for the Gyeongju historic areas. This system incorporates a geostatistical kriging interpolation technique, which can be adopted for reliable prediction of geotechnical data values. Kriging is considered to be the best linear unbiased estimate and optimal interpolation method for geological and geotechnical predictions in space, because it is a linear combination of weighted sample values that have minimum variance (Oliver and Webster, 1990) .
The study area of interest for the GIS based seismic microzonation is a 7 km by 7 km area encompassing the city of Gyeongju. Sixty pre-existing site investigation datasets and twenty-one in situ test datasets for cultural heritage sites (including Fig. 2) were collected from the microzonation area.
A two-dimensional numerical topographical map, threedimensional digital elevation map, and standard geographical information map were used to construct the geotechnical information system. First, a three-dimensional digital elevation map (3-D DEM) was constructed through the elevation information of the two-dimensional numerical topographical map and ASCII digital elevation values. The 3-D DEM was interpolated by the triangulated irregular network (TIN) in the MATLAB Mapping Toolbox (The MathWorks Inc., USA). Second, geostatistical kriging interpolation was performed for the geotechnical data. Next, the kriging results, standard geographical information map, and coordinate system were combined on the 3-D DEM. Figure 7 shows the construction procedure of the GIS based seismic microzonation system. Each geotechnical information system is shown in Figs. 8 and 9. The seismic information systems for the bedrock depth, natural site period, peak ground acceleration, and short-period site amplification coefficients are interrelated and can be considered as reasonable results. The southeast area of Gyeongju has relatively deep bedrock, relatively high potential of site amplification and relatively large site period value.
Through the geotechnical information system for the site period of historic areas, presented in Fig. 8b , the correlation between the site period and the natural period of the architectural features can be shown and explained. Typically, the site period of the Cheomseongdae ground in the Wolseong Belt was calculated as ∼ 0.21-0.23 s, as shown in Fig. 4 . The natural period of Cheomseongdae was established as 4.52 Hz in the north-south direction and 4.59 Hz in the east-west direction through previous study (Shon and Kim, 2004) . This illustrates that the ground near Cheomseongdae has high potential to suffer from site amplification nearby as well as resonance with the Cheomseongdae structure itself. The geotechnical information system for peak ground acceleration and site coefficients of historic areas ( Fig. 8c and  d) show that the areas of "Cheomseongdae observatory (Site No. 1-1)" and "Imhaejeon Hall site (Site No. 4-3)", the plain area from "Mangdeoksa Temple site (Site No. 7-1)", and the "three storied stone pagoda in Namsan-ri (Site No. 7-3)" have relatively high potential for site amplification. In other words, the plain area of Wolseong Belt (Figs. 1 and 9 ) and the southeast area of Gyeongju (Fig. 9 ) have strong possibility for site amplification during earthquakes.
The construction of a GIS based seismic microzonation system would provide spatial and visible information for seismic risk of cultural heritages and historic sites. This system can include very important information on the overall countermeasures against earthquake disasters of historic areas, such as Gyeongju. The data can be usefully employed for seismic risk assessment by sub-regional groups or by each architectural heritage. . GIS based geotechnical information system for peak ground surface acceleration for the earthquake level of 1000 yr return period and the cultural heritage areas which have relatively high potentials for site amplification.
Conclusions
Gyeongju is the most important historic city in Korea, boasting a wealth of historic sites and a legacy of cultural heritage dating back more than a thousand years. The necessity of estimating the seismic risk of historic areas has been widely recognized. Thirty in situ test sites around cultural heritages and sixty pre-existing site investigation datasets were selected and a revaluation of the historical records of seismic damage in Gyeongju was performed. Site-specific ground response analyses based on the in situ site investigation of the subsurface ground were performed. The evaluation of seismic risk through GIS based microzonation for the historic area was then conducted.
The response spectra and site amplification coefficients were compared between site response analysis and current seismic design code, and it was thereupon found that the current hazard map for the Gyeongju area has potential for site amplification of 1.5 times on average. Furthermore, the plain area of the Wolseong Belt and the southeast area of
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Gyeongju have a strong possibility for site amplification during earthquakes.
